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Adenovirus-mediated gene delivery via the intramuscular route efficiently promotes an immune response
against the transgene product. In this study, a recombinant adenovirus vector encoding (3-galactosidase
(Ad3Gal) was used to transduce dendritic cells (DC), which are antigen-presenting cells, as well as myoblasts
and endothelial cells (EC), neither of which present antigens. C57BL/6 mice received a single intramuscular
injection of AdPGal-transduced DC, EC, or myoblasts and were then monitored for anti--galactosidase
(anti-B-Gal) antibody production, induction of gamma interferon-secreting CD8* T cells, and protection
against melanoma tumor cells expressing 3-Gal. While all transduced cell types were able to elicit an antibody
response against the transgene product, the specific isotypes were distinct, with exclusive production of
immunoglobulin G2a (IgG2a) antibodies following injection of transduced DC and EC versus equivalent IgG1
and IgG2a responses in mice inoculated with transduced myoblasts. Transduced DC induced a strong ex vivo
CDS8™ T-cell response at a level of 50% of the specific response obtained with the AdBGal control. In contrast,
this response was 6- to 10-fold-lower in animals injected with transduced myoblasts and EC. Accordingly, only
animals injected with transduced DC were protected against a 3-Gal tumor challenge. Thus, in order to induce
a strong and protective immune response to an adenovirus-encoded transgene product, it is necessary to
transduce cells of dendritic lineage. Importantly, it will be advantageous to block the transduction of DC for

adenovirus-based gene therapy strategies.

Gene transfer with adenovirus vectors is a powerful way to
induce humoral and cellular immune responses to a transgene
product (12, 24, 49, 53). This approach has been used to de-
velop vaccines for infectious diseases and cancers with some
success in animal models (29). Among the administration
routes tested, the intramuscular (i.m.) route is one of the most
potent. The majority of the adenovirus vectors currently used
for vaccination are derived from human adenovirus type 5 and
are replication deficient due to a deletion of the E1 genes.
Their efficacy as vaccines can be explained by at least three
mechanisms: (i) adenoviruses have a broad host cell range and
infect a wide spectrum of cells including antigen-presenting
cells (APCs) (4, 25); (ii) there is high expression of the trans-
gene product; and (iii) adenoviral vectors induce a strong in-
flammatory response (18, 26, 54). Moreover, as we previously
reported for humans (17), the capsid component in the adeno-
viral inoculum is directly implicated in neutralizing (16) and
cytotoxic T-cell (35) activity. While adenoviral vectors are pro-
posed as vehicles for clinical gene therapy protocols and vac-
cination, little is known regarding the relative roles of different
cell types in eliciting an in vivo immune response. This infor-
mation is of crucial importance for the design of vaccine strat-
egies to optimize immune responses against the transgene
product as well as for gene therapy purposes, where in vivo it
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may be possible to reduce or eliminate an immune response by
targeting specific cell types. Many gene therapy or vaccine-
mediated approaches using adenoviral vectors have targeted
muscle. Several cell types are present in this tissue in varying
amounts; muscle fibers or myocytes, endothelial cells (EC),
and fibroblasts are present at high levels, whereas satellite cells
or myoblasts, dendritic cells (DC), and macrophages are rarer.
Indeed, although DC and macrophages are scattered through-
out all nonlymphoid tissues, they represent less than 1 and 2%
of murine skeletal muscle cells, respectively (39). The ensem-
ble of these cells is a potential target for adenoviruses, and
their transduction following adenovirus administration is de-
pendent on their relative abundance as well as on the presence
of adequate receptors at the cell surface. We and others have
previously shown that in vitro, fibroblasts and macrophages are
poorly transduced whereas myoblasts and EC are efficiently
transduced (1, 5, 47). Murine DC have been described to be
efficiently transduced with human adenovirus type 5-based vec-
tors only at high multiplicities of infection (MOI) (20, 48). In
vivo, transduction of 7 to 22% of cells has been detected on
frozen muscle sections (10). Therefore, it appears that only
some cell types are putative target cells following i.m. adeno-
virus administration.

Induction of CD8* cytotoxic T lymphocytes (CTL) is an
essential component of the immune response to various viral
infections and tumors. Cultured myoblasts constitutively ex-
press only a few major histocompatibility complex class I
(MHCI) molecules, no adhesion factors in the absence of tu-
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mor necrosis factor alpha (TNF-o) treatment, and no major
histocompatibility complex class II (MHCII) molecules (21).
In vitro, EC express MHCI and MHCII molecules as well as
certain costimulatory molecules (6, 34, 40). Therefore, myo-
blasts and EC are not typical APCs, but it has been proposed
that they may act as APCs under some conditions such as
inflammation. Nevertheless, in all situations, they could be
sources for antigen transfer to APCs. Recently, it has been
demonstrated that professional APCs such as DC can capture
exogenous antigen and stimulate an antigen-specific T-cyto-
toxic response (19). Studies suggest that immune responses
against an adenoviral vector transgene product are induced
both by direct transduction of APCs and by cross-priming from
other types of transduced cells (25). However, adenovirus-
mediated transduction of the DC present outside of the lymph
nodes has never been demonstrated (45). Moreover, the prob-
ability that DC are infected in skeletal muscle in vivo is likely
to be low, since they are only rarely present and are poorly
infectible.

To define the relative contributions of various cell types to
the generation of an immune response in mice, humoral and
cellular responses were measured following i.m. inoculation of
distinct lineages of adenovirus-transduced cells. DC were se-
lected as a prototype of APCs, while EC and myoblasts were
used as non-APC targets. Escherichia coli B-galactosidase (B-
Gal) was chosen as the transgene product because of its high
immunogenicity, the identification of peptides resulting in a
CD8" response in different H-2 mouse haplotypes, its ability to
be easily detected in tissues, and the existence of B-Gal-ex-
pressing tumorigenic cells to assay protection in mice.

This approach allowed us to address the following questions.
(i) What are the cell lineages naturally present in muscle which
contribute to the generation of an adenoviral transgene-spe-
cific humoral and/or cellular immune response? (ii) Which
transduced cell lineages directly present antigens in vivo? (iii)
Does the immune response induced by different types of ade-
novirus-transduced muscle cells protect against a transgene-
expressing tumor challenge? We find that all the cell lineages
tested are able to induce a transgene-specific antibody re-
sponse following adenoviral vector transduction, but only
transduced DC induce a high specific CD8" T-cell response
and protect against a tumor challenge.

MATERIALS AND METHODS

Cell lines and cell culture. The 293 cell line, an adenovirus-transformed
human embryonic cell line which provides phenotypic complementation of the
E1 genes, was used for adenovirus multiplication and titration. Cells were grown
in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) containing 10%
fetal calf serum (FCS) (GIBCO Laboratories, Grand Island, N.Y.). Myoblast
cells (H-2P) were derived from primary mouse myoblasts and were the kind gift
of C. Pinset and D. Montarras (Pasteur Institute, Paris, France). They were
cultivated in medium containing half high-glucose DMEM and half MCDB 202
medium (both from BICEF, L’Aigle, France) containing 20% FCS (Biomedia,
Boussens, France) and 2% (vol/vol) Ultroser (Biosepra, Villeneuve-la-Garenne,
France) according to the manufacturer’s recommendations. EC, derived from
mouse heart and immortalized with simian virus 40 T antigen, were provided by
D. Paulin and C. Delouis (51). These cells were grown in DMEM with 10% FCS
(GIBCO). The RMAS (H-2"9) cell lines are lymphoid cells that were cultivated
in RPMI containing 10% FCS (GIBCO). B16/F10 melanoma cells (15) were a
kind gift from B. Goud (Institut Curie, Paris, France). They were grown in RPMI
with 10% FCS. Primary murine DC were generated from bone marrow of
C57BL/6 mice as previously described (32). Briefly, total bone marrow leuko-
cytes were plated in bacteriological petri dishes with recombinant murine gran-
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ulocyte-macrophage colony-stimulating factor (20 ng/ml) at 2 X 10° cells per
plate. The medium was partially changed every 2 to 3 days. On day 8 of in vitro
culture, nonadherent cells were used for phenotype analysis or transduction. All
media were supplemented with L-glutamine (2 mM), penicillin (50 IU/ml), strep-
tomycin (50 pg/ml), and sodium pyruvate (1 mM). Cells were grown at 37°C in
a 5% CO, incubator except for EC and B16/F10 cells, which were grown in an
8% CO, incubator.

Adenovirus vectors, transduction, and analysis of gene transfer. The adeno-
virus B-Gal (AdBGal) vector was kindly provided by B. Klowjkowsky (National
Veterinary School of Alfort, Maisons-Alfort, France). This vector is derived from
human adenovirus serotype 5 and has deletions in the E1 and E3 regions. The nis
lacZ gene is under the control of the cytomegalovirus promoter and is inserted
in the E1 region. The virus was amplified in 293 cells, purified by two rounds of
CsCl density centrifugation, and extensively dialyzed. This stock was recombi-
nant contaminating adenovirus free. Adenovirus transduction of all cells were
performed in serum-free media. Cells were exposed to the adenovirus vector at
MOI ranging from 1 to 500 PFU per cell for 1 h at 37°C. Cell transduction
efficiency was assayed 2 days later. Glutaraldehyde (0.05%, vol/vol)-fixed cells
were analyzed for B-Gal activity by 5-bromo-4-chloro-3-indolyl-B-p-galactopyr-
anoside (X-Gal) histochemistry. Infected adherent cells were photographed un-
der a stereomicroscope at a magnification of X50. By using either photography
or direct detection on a Malassez hemocytometer, visible blue nuclei as well as
nonstained nuclei were counted in order to determine the percentage of trans-
duced cells.

Vaccination with adenovirus vector or adenovirus-transduced cells and ani-
mal procedures. Female C57BL/6 (H-2°) and DBA/2 X C57BL/6 (BDF1) (H-
2Yd) mice, 7 to 12 weeks old, were purchased from the Institut Nationale de la
Recherche Agronomique (INRA) animal research facility (Jouy-en-Josas,
France) and Iffa Credo (L’Arbresle, France), respectively. Animals were handled
in accordance with the institutional guidelines of the National Veterinary School
of Alfort. Mice were anesthetized with avertine (10 pl/g of body weight). Groups
of five to eight mice were injected by the i.m. route at one site in the tibialis
anterior with 10 pl of inoculum. The inoculum was either AdBGal vector (10°
PFU), 5 x 10* B-Gal-expressing cells transduced with the AdBGal vector, or control
cells. Peripheral blood was collected at the indicated time points. Spleens were
collected from animals sacrificed at days 40 to 42 postvaccination. For all analyses,
serum, blood, or spleen samples were pooled from animals in the same group.

Flow cytometry analysis. Expression of the B7.2 (CD86), B7.1 (CD80), MHCII
(I-A®), MHCI, and CD11c cell surface markers was assessed on DC and EC
before and after AdBGal infection. DC were harvested and washed twice in
phosphate-buffered saline (PBS). Aliquots of cells were washed in fluorescence-
activated cell sorter (FACS) flow buffer (Becton Dickinson, Mountain View,
Calif.) and preincubated for 15 min at room temperature with FACS flow buffer
supplemented with bovine serum albumin (0.5%) and normal mouse serum (2%)
to prevent binding to Fc receptors. Cells were then incubated with the primary
antibodies for 30 min on ice. A second incubation with a conjugate antibody was
performed when necessary. The following antibodies were used: rat IgG2a
monoclonal anti-mouse B7.2 (CD86) (clone RMMP-2; catalog no. RM7004;
Caltag Laboratories, Burlingame, Calif.), rat IgG2a monoclonal anti-mouse B7.1
(CD80) (clone RMMP-1; Caltag), mouse immunoglobulin M (IgM) monoclonal
anti-mouse I-A® MHCII biotin conjugate (clone 25.16.85; Caltag), mouse IgG2a
monoclonal anti-mouse H-2 K> D®* MHCI (clone 5041.16.1; Cedarlane, Hornby,
Ontario, Canada), hamster IgG monoclonal anti-mouse CD11c (clone N418;
hybridoma obtained from American Type Culture Collection, Manassas, Va.),
rat IgG2a-phycoerythrin (PE)- and -fluorescein isothiocyanate (FITC)-conju-
gated isotype controls (Caltag), a mouse IgG2a-FITC-conjugated isotype control
(Caltag), and a mouse IgM biotin-conjugated isotype control. Cells were fixed
with 1% paraformaldehyde. Samples were analyzed on a FACScan flow cytom-
eter with Lysis II software (Becton Dickinson).

To monitor the efficiency of CD8 depletion by magnetic cell sorting (MACS),
CD8 and CD4 markers were assessed on the different cell fractions. The follow-
ing antibodies were used: rat anti-CD8a-PE (clone CT-CD8a; Caltag), rat anti-
CDA4-FITC (clone CT-CD4; Caltag), and PE- and FITC-conjugated isotype
controls (Caltag).

B-Gal antigen quantitation. Two million cells exposed to the adenovirus vec-
tor were lysed 48 h after infection (at MOT of 500 for DC, 10 for myoblasts, and
50 for EC) in 1 ml of lysis buffer. The quantity of B-Gal antigen in each lysate was
measured by using a sandwich B-Gal enzyme-linked immunosorbent assay
(ELISA) kit according to the manufacturer’s procedure (kit no. 1539426; Roche
Molecular Biochemicals, Mannheim, Germany).

Anti-B-Gal antibody assay. Anti-B-Gal serum antibody titers were determined
by ELISA. A 96-well plate (Maxisorb; Nunc) was coated overnight at 4°C with
100 pl of 0.1 M Tris=0.15 M EDTA (pH 9.6) buffer containing 500 ng of soluble
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B-Gal. A solution of PBS containing 0.1% (vol/vol) Tween 20 and 0.05% (wt/vol)
gelatin was used as a blocking buffer. Plates were washed (with water containing
0.1% Tween 20), and dilutions of sera were incubated in the coated wells for 30
min at 37°C. Plates were again washed and then incubated with biotin-labeled
anti-mouse Ig followed by streptavidin-horseradish peroxidase (Amersham Phar-
macia) for 30 min at 37°C. Different anti-mouse Ig’s were used: goat-anti-mouse
IgG (Amersham Pharmacia), goat anti-mouse IgG1 (Caltag), and goat anti-
mouse IgG2a (Caltag). Peroxidase (POD) activity was detected by using BM
Blue POD as a substrate. Absorbance was measured at 405 nm. Preimmune sera
were used to determine the background level. For Ig isotype titers, the first
dilution tested was 1/4.

ELISPOT assay for monitoring IFN-y release from single cells. The gamma
interferon (IFN-y) enzyme-linked immunospot assay (ELISPOT assay) detects
secreted IFN-y molecules in the immediate vicinity of the cell from which they
are secreted; each spot in the read-out represents a footprint of the original
IFN-y-producing cell.

Peripheral blood mononuclear cells (PBMC) or splenocytes were isolated
from mice at different time points after i.m. injection of the adenovirus vector or
AdBGal-transduced cells. The 96-well nitrocellulose plates (multiscreen HA;
Millipore Corporation, Bedford, Mass.) were coated with 40 ng of capture
anti-mouse IFN-y monoclonal antibody (MAb) R4-6A2 (PharMingen, San Di-
ego, Calif.)/well. After overnight incubation at 4°C, wells were washed repeatedly
with culture medium and saturated with complete medium for 30 min at 37°C.
MHCI-compatible target cells, RMAS cells pulsed with a synthetic peptide (30
pg/ml) representing the CDS epitope of B-Gal in the H-2° and/or H-2 haplo-
type, were added to the ELISPOT assay. The B-Gal peptides used in this assay
were the octamer ICPMYARYV (I8V) and the nonamer TPHPARIGL (T9L),
which are naturally presented by the H-2 K® (38) and H-2 L? molecules, respec-
tively (13) (Isochem, Strasbourg, France). Target cells not pulsed with peptide
were used as a negative control. Serially diluted PBMC or splenocytes (1 X 10°
to 1.25 X 10° cells/wells) depleted of erythrocytes by treatment with ammonium
chloride were cocultured with 10° RMAS cells in the ELISPOT wells in medium
supplemented with human recombinant interleukin 2 (IL-2) (30 U/ml; Roche
Molecular Biochemicals) for 24 h at 37°C under 5% CO,. As a positive control,
splenocytes or PBMC were incubated with conacavalin A (5 pg/ml; Sigma, St.
Louis, Mo.). After extensive washing with PBS-0.05% Tween 20, plates were
incubated overnight at 4°C with 50 ng of biotinylated anti-mouse IFN-y MAb
XMG1.2 (PharMingen)/well and then with ExtrAvidin alkaline phosphatase con-
jugate (Sigma) for 1 h at room temperature. Spots were developed by adding an
alkaline phosphatase conjugate substrate (Bio-Rad Laboratories, Hercules, Cal-
if.). The number of spots corresponding to IFN-y-secreting cells was determined
by using a stereomicroscope or a KS ELISPOT prototype (Zeiss-Kontron, Jena,
Germany). Only large spots with fuzzy borders were scored as positive. Re-
sponses were considered significant if a minimum of five spots per well were
present, as long as this number was at least twice that present in the negative
control wells. The B-Gal-specific T-cell response, monitored as the percentage of
IFN-y-secreting T cells in mice transplanted with AdBGal-transduced cells (cell/
Ad) compared with AdBGal vector (Ad), was determined as (number of spots
with peptide — number of spots without peptide for cell/Ad)/(number of spots
with peptide — number of spots without peptide for Ad).

In vitro isolation of CD8* T cells. CD8™ T cells were isolated from 5 X 107
splenocytes by depletion with MACS CD8a (Ly-2) microbeads as described by
the producer (Miltenyi Biotech, Bergisch Gladbach, Germany). The CD8™ cell
fraction (attached) and the CD8™ cell fraction (nonattached) were collected.
Depletion of the CD8* cell population was confirmed by flow cytometry. Both
subsets were used in the ELISPOT assay.

Generation of B16-LacZ cells. B16/F10 cells were infected twice with retroviral
supernatant from the TE FLY A7 producer line (kindly provided by J.-C. Pages)
in the presence of Polybrene. The TE FLY A7 cell line produces amphotropic
envelope-pseudotyped virions harboring a murine leukemia virus retroviral vec-
tor with an nls lacZ gene (9). Two days after the second infection, cells were
cloned by limiting dilution. Clones were tested for f-Gal expression 10 days later.
One positive clone with high cell division was amplified and named B16-LacZ.

Tumorigenicity studies. B16-LacZ cells were harvested, washed three times in
PBS, and administered to immunized mice by a subcutaneous (s.c.) flank injec-
tion (5 X 10* cells per mouse). Animals were examined three times a week for
signs of a tumor. When a tumor was present, two bisecting diameters of the
tumor were measured with calipers. The volume of the tumor was calculated by
the formula (0.5 X L X 1?) where L stands for the larger diameter and I stands
for the smaller diameter. All animal were killed when the tumors reached a
diameter of 15 mm. Some tumors were analyzed by histochemistry to verify that
they expressed B-Gal.
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Histochemistry. Tumors were harvested, fixed for 1 h in 4% paraformalde-
hyde, embedded in OCT compound (Sakura Finetek Europe B.V., Zoeter-
woude, The Netherlands), and then frozen in liquid nitrogen. Frozen histologic
sections were analyzed for B-Gal activity by X-Gal staining. Tissues were coun-
terstained with neutral red.

RESULTS

Efficiencies of adenoviral vector infections in distinct cell
types. In order to analyze the infectibilities of the distinct cell
types present in muscle, EC, myoblasts, and DC were infected
with an AdBGal vector at various MOI. It should be noted that
the DC used in this study were bone marrow-derived cells
obtained by a previously established protocol (32). Cells which
differentiated to immature DC in culture were used, as these
cells are resident in peripheral tissues such as muscle. Infected
cells were assayed for B-Gal activity at 48 h postinfection (Fig.
1A). B-Gal activity was detected in approximately 20% of DC
infected at an MOI of 500. At higher MOI, transducibility was
higher but was associated with a high cell mortality, probably
due to adenovirus capsid toxicity (22). An MOI of 500 was
chosen for further experiments because this MOI gave the best
results in terms of transducibility and cell mortality. Impor-
tantly, 100% of myoblasts and EC expressed B-Gal, without
any associated cell toxicity, at MOI of 10 and 50, respectively.

The phenotype of DC was analyzed before and after infec-
tion in order to evaluate any effect of adenoviral infection on
cell differentiation (Fig. 1B). This was performed by monitor-
ing the expression of different surface markers by flow cytom-
etry. Before infection, most of the DC population showed the
phenotype of immature cells, similar to that described by Lutz
and colleagues (32). All cells expressed the CD11c marker, and
the majority of cells expressed moderate levels of membrane
MHCII (I-A®) and B7.2 molecules. In contrast, at 24 h postin-
fection, all DC showed a phenotype of more-mature cells.
CDl11c expression was unchanged, but MHCII and B7.2 ex-
pression was increased; 64.4% of the cells had shifted toward
high MHCII expression, and 100% of cells expressed high
levels of B7.2. These data demonstrate a DC maturation in-
duced by adenovirus exposure. The MHCI, MHCII, B7.1, and
B7.2 phenotype of EC was also studied before and after trans-
duction. Neither MHCII, B7.2, nor B7.1 expression was altered
in transduced cells: MHCII was absent, B7.2 was expressed,
and B7.1 was expressed at low levels. MHCI was expressed at
very low levels in EC prior to infection and was not detected
postinfection (Fig. 1D).

In order to evaluate if the same number of B-Gal-expressing
cells of different cell types produced the same quantity of
B-Gal antigen, we quantified by ELISA the B-Gal protein in
the three cell types transduced with the AdBGal vector. We
detected 1.25, 260, and 37.5 ng in 5 X 10* B-Gal-expressing
DC, myoblasts, and EC, respectively. Therefore, the B-Gal
antigen is expressed in DC at levels 30 to 200 times lower than
those in EC or myoblasts.

On the basis of these data, experiments designed to assess
the immunogenicities of adenovirus-infected DC, myoblasts,
and EC were performed following infection of these cells with
the AdBGal vector at MOI of 500, 10, and 50, respectively.

Anti-3-Gal antibody response to a single inoculation of ade-
novirus-transduced muscle cells. Syngeneic C57BL/6 mice
(five to eight mice per group) were inoculated by the i.m. route
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FIG. 1. In vitro transduction of DC, myoblasts, and EC with AdBGal. (A) Transduction efficiency of AdBGal on DC at MOI of 10, 100, 250,
500, and 1,000. Transduction was assayed by B-Gal expression 48 h after vector exposure. (Error bars, standard errors of the means; n = 2).
(B) Myoblasts and EC, 48 h after infection with AdBGal at 10 and 50 MOJI, respectively. Cells were stained with X-Gal (original magnification,
X50). (C) Immunophenotype of primary DC before (DC) and after (DC/Ad) adenovirus exposure. Flow cytometry analyses of CD11c, MHCII
(I-A), and B7.2 (CD86) cell surface molecules were performed 24 h after exposure to adenovirus vector (MOI, 500). Isotype controls are presented
as negative controls. Data are representative of results obtained from two independent experiments. (D) Immunophenotype of EC 48 h after
AdBGal infection (MOI, 10). Isotype controls are presented as a negative control.

with 5 X 10* B-Gal-expressing cells (either DC, myoblasts, or
EC) transduced with the AdBGal vector. Blood samples were
taken from immunized mice at days 7, 21, and 42 (the day of
challenge) and were assayed for anti-B-Gal antibodies by
ELISA (Fig. 2). Mice inoculated with each of the three ade-
novirus-transduced cell types developed relatively high and
similar anti-B-Gal IgG titers at days 42 to 45, ranging from 10°
to 10*2 (Fig. 2A), although differences were found in the rel-
ative levels of B-Gal antigen in the different cell types. The
antibody titer at day 42 was always higher after direct i.m.
injection of the AdBGal vector (10*° to 10°) than after inoc-
ulation with AdBGal-transduced cells (in eight independent
experiments [data not shown]). Direct injection of AdRGal
probably induces a higher production of exogenous B-Gal an-
tigen than the graft of transduced cells and/or a more inflam-

matory context leading to a higher response. Kinetic analyses
showed that animals injected with AdBGal-transduced EC de-
veloped an antibody response at least 7 days earlier than those
injected with AdBGal-transduced DC or myoblasts. The iso-
types of the antibodies produced by B cells are determined by
the specific cytokine pattern produced by helper T cells (36).
IgG2a and IgG1 are characteristically produced under Thl-
and Th2-dominant conditions, respectively. Therefore, we in-
vestigated the production of these two IgG subclasses. Direct
injection of the recombinant adenovirus vector, AdBGal, in-
duced high levels of both IgG1 and IgG2a (Fig. 2B). In marked
contrast, inoculation of AdBGal-transduced DC and EC pro-
duced only IgG2a isotype antibodies. Interestingly, injection
with transduced myoblasts revealed yet another phenotype of
both IgG1 and IgG2a isotypes. Moreover, we found that this
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FIG. 2. B-Gal-specific antibody titers in mice immunized with AdBGal or with AdBGal-transduced muscle cells. Mice received one i.m.
injection with either 10° PFU of AdBGal (Ad) or 5 X 10* AdBGal-expressing DC (DC/Ad), myoblasts (Myo/Ad), or EC (EC/Ad). Mice injected
with untransduced DC, myoblasts, or EC (DC, Myo, or EC) were used as negative controls. Mice were bled once a week, and B-Gal-specific
antibody titers were measured by ELISA. (A) Generation of B-Gal-specific IgG antibodies as a function of time. (B) Levels of IgG1- and
IgG2a-specific antibodies at day 42. (C) Kinetics of IgG1 and IgG2a B-Gal-specific antibodies after immunization with AdBGal-transduced DC.

isotype profile was already defined early in the antibody re-
sponse and was not modified with time (Fig. 2C).

Induction of B-Gal-specific CD8" T cells in response to a
single inoculation of adenovirus-transduced muscle cells. To
analyze the capacity of adenovirus-infected muscle cells to
induce a B-Gal-specific cellular immune response in syngeneic
mice, we used an IFN-y ELISPOT assay. This assay provides a
quantitative assessment of the number of antigen-specific ac-
tivated CD8™" T cells (31, 37). Freshly explanted PBMC, iso-

lated 42 to 44 days after a single immunization, were examined
for their abilities to secrete IFN-y ex vivo in response to the
H-2-restricted B-Gal peptide (I8V) presented by RMAS cells
(Fig. 3). No response, or only a weak response, was obtained
with PBMC cultured with RMAS cells alone (data not shown).
In contrast, significant numbers of IFN-y-secreting cells were
detected with PBMC effectors from mice injected directly with
AdBGal in the presence of RMAS cells plus I8V peptide
(range, 210 to 280 spot-forming cells [SFC] per 10° PBMC).
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FIG. 3. IFN-y-secreting cells in mice immunized with AdBGal-
transduced DC, EC, or myoblasts. The number of B-Gal peptide
(18V)-specific CD8" T cells was determined directly ex vivo by an
IFN-v-specific ELISPOT assay. The number of IFN-y SFC was deter-
mined after a 24-h incubation of PBMC pools with RMAS cells alone
or pulsed with the I8V peptide. Data represent averages from dupli-
cate or triplicate wells. (A) The frequency of IFN-y SFC in mice
injected with AdBGal-transduced muscle cells was compared, at 42
days postimmunization, with that in mice injected directly with
AdpGal. (B) Numbers of IFN-y SFC in mice injected with AdBGal
directly (Ad), AdBGal-transduced DC (DC/Ad), and untransduced
DC (DC) at days 11 and 40 postinoculation. Results are expressed as
IFN-y SFC per 10° PBMC and are calculated as the differences be-
tween the numbers of spots observed in the presence and absence of
B-Gal peptide I8V.

PBMC from mice inoculated with AdBGal-transduced DC
were able to secrete IFN-vy in response to the I8V peptide, with
a frequency approximately 50% of that observed in mice im-
munized directly with AdBGal. In mice injected with trans-
duced DC, CD8" T cells recognized the B-Gal CTL epitope,
ranging from 140 to 240 SFC per 10° PBMC. While PBMC
collected from transduced-EC- and -myoblast-immunized mice
had significant numbers of B-Gal-specific CD8™ T cells, these
levels were 6- to 10-fold lower, respectively. Also, in DC-
transduced mice, the B-Gal antigen-specific CD8" T-cell re-
sponse was higher at day 42 than at an early time point after
injection (day 11) (Fig. 3B).Therefore, our data demonstrate
that the highest specific cellular immune response was ob-
served in mice vaccinated with transduced DC.

To confirm that the specific IFN-y effector T cells were
CD8™, as would be expected for a class I-restricted CTL pep-
tide, CD8" T cells were isolated from the splenocytes of
AdBGal-injected mice. Splenocytes were used instead of
PBMC so that there would be enough cells for sorting. The
quality of the isolation was verified by cytometry (Fig. 4A). The
two populations, CD8" and CDS8™ fractions, were tested for
IFN-vy secretion after stimulation with the I8V peptide. The
number of IFN-y SFC in the CD8" fraction was 3 to 5 times
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higher than that in the CD8" fraction and was also approxi-
mately 5 times higher than that detected in the total splenocyte
population (Fig. 4B). This is consistent with the percentage of
CD8™ cells in the unsorted cells. Thus, in the case of the B-Gal
antigen, an IFN-y ELISPOT assay can be used to quantitate
antigen-specific CD8™ cells from the total splenocyte popula-
tion.

Protective immunity to tumor challenge. To determine the
capacity of AdBGal-transduced cells to induce protective an-
titumor immunity, we used a tumor model based on the B-Gal
murine melanoma clone B16-LacZ, expressing H-2" antigens.
This clone was obtained by infecting B16/F10 cells with a
retroviral vector carrying an nls lacZ gene. B16-LacZ cells did
not in themselves induce higher immunogenicity than B16/F10
cells, because injection of the same number of either cell type
in C57BL/6 mice resulted in the death of 100% of animals
(data not shown). Forty-two days after immunization of
C57BL/6 mice with AdBGal-transduced cells, 5 X 10* B16-
LacZ cells were injected s.c. into the backs of the mice. Two
parameters were monitored to quantify the protection: the
percentage of mice not developing a tumor and, in case of
tumor development, the mean volume. As shown in Fig. 5A,
the development of melanoma was prevented in 57% of the
mice (4 of 7) by the previous injection of AdBGal-transduced
DC. The percentage of mice protected by transduced DC was
similar to that observed for mice injected directly with
AdBGal. In marked contrast, less than 17% of mice (1 of 7 or
1 of 6) were protected following injection with transduced EC
or myoblasts. Nevertheless, in the myoblast-immunized mice,
the tumor size was reduced from that for controls, whereas in
EC-immunized animals, the tumor size was similar to that
observed in mice inoculated with control cells. In order to
verify that the tumors detected were truly due to a poor im-
munological tumor control and not to an escape from the
immune response associated with an extinction of B-Gal ex-
pression in B16-LacZ cells, we analyzed B-Gal expression in
tumors explanted from vaccinated mice and sampled at ran-
dom. As shown in Fig. 6, all the B16-LacZ tumors still ex-
pressed the B-Gal protein. This observation demonstrates that
the protection results are dependent on the preparations used
for the immunization and are not biased by artifactual tumor
cells that have escaped the immune response.

Direct or indirect priming of the immune response by trans-
duced DC. In order to determine if transduced DC were di-
rectly triggering the B-Gal-specific CD8* T-cell response or if
cells from the host mice were also participating in this process,
we immunized H-2°"Y mice with H-2"-transduced DC as pre-
viously described (8). This experiment was not performed with
AdBGal-transduced myoblasts or EC because the CD8™ T-cell
response induced was low under these conditions. PBMC from
mice injected with AdBGal-transduced DC were monitored in
an ex vivo IFN-y ELISPOT assay with or without B-Gal pep-
tide stimulation at 19 days postinoculation. Two peptides were
used: the H-2 -specific I8V and the H-2%-specific TOL peptide
(Fig. 7). We found that B-Gal epitopes were recognized in the
context of both the H-2°- and H-2%specific MHC molecules.
This result suggests that cells from the host also participate in
the presentation of the B-Gal peptides and that cross-priming
may be involved in the T-cell-response induction.
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FIG. 4. B-Gal-specific CD8* T-cell effectors in AdBGal-immunized C57BL/6 mice. Splenocytes were harvested 13 days after inoculation, and
CD8" cells were depleted by MACS. Both CD8" and CD8™ populations were collected. (A) CD8™ cell surface molecules were analyzed by flow
cytometry before and after cell sorting. Staining with a nonspecific isotype control antibody is shown in each histogram. (B) The number of IFN-y
SFC was determined in the presence or absence of the B-Gal peptide I8V. Splenocytes from CD8* and CD8~ fractions collected from immunized
or control mice were plated at a graded density starting at 2 X 10° cells/well, whereas unsorted splenocytes were plated at a graded density starting

at 1 X 10° cells/well. Data are means of duplicate samples.

DISCUSSION

Many studies have demonstrated that in vivo transfer of
foreign proteins via adenovirus vectors can result in the gen-
eration of a strong immune response. This property is clearly a
drawback for gene therapy strategies but is an advantage in
vaccination. Understanding the mechanisms underlying the in-
duction of transgene-specific immune responses following ade-
novirus-mediated gene transfer is thus important for both vac-
cination and gene therapy purposes. Particularly, a major point
is to determine whether the immune response is principally
initiated by adenoviral transduction of APCs, which are essen-

tial for initiating naive T-lymphocyte activation, or, alterna-
tively, whether cross-priming of these cells is sufficient. To
address this issue, we compared the immune response induced
by an i.m. injection of recombinant adenovirus alone with that
induced by cells transduced ex vivo with the recombinant ade-
novirus. The natures of the humoral and cellular immune re-
sponses induced to the immunogenic B-Gal protein expressed
from an adenoviral vector were studied.

An important focus of these studies was to determine
whether transduced cells in the muscle induced cellular immu-
nity. Injection of transduced myoblasts or EC was very ineffi-
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FIG. 5. Protective immunity against tumor challenge. C57BL/6 mice (six to seven per group) were immunized i.m. with either AdBGal
(squares), AdBGal-transduced cells (triangles), or untransduced cells (circles). Forty-two days postimmunization, mice were challenged s.c. with
5 X 10* B16-LacZ cells, and tumor formation was monitored every 2 days for 30 days. (A) Percent tumor-free mice. In order to facilitate the
reading of the graphs, only points that determine the aspect of the curves were indicated, rather than each time point. (B) Tumor volume measured
in cubic centimeters. At each time point represented, tumor sizes of all mice in the group were added up. Results are shown as mean tumor sizes
+ standard errors of the means.
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cient in inducing IFN-y-secreting CD8" T cells compared to
transduced DC. The inefficiency of myoblasts in this process
was quite surprising for several reasons. First, DNA-trans-
fected myoblasts expressing a viral antigen have been de-
scribed to induce an MHCI CTL response in mice (50). In this
previous study, the cells grafted were C2C12, a cell line of the
H-2* haplotype. The discrepancy between this and our study
may be related to differences in the number of cells injected
(200-fold lower in our study), MHCI expression at the surfaces
of the myoblasts, mouse haplotype, and the nature of the
transgene product. Second, under certain in vitro conditions,
myoblasts have been described to express the two components
required for CD8" T-cell activation, making them APCs:
MHCI molecules and certain costimulatory molecules (2, 21).
Nevertheless, the conditions required for expression of these
molecules were likely not met in the present study, and more-
over, it is possible that these components are necessary but not
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FIG. 7. IFN-y-secreting cells in BDF1 mice. F, (C57BL/6 X
DBAZ2) mice were immunized as previously described with C57BL/6-
transduced DC. The number of CD8" T cells with a specificity for the
I8V or T9L B-Gal peptide was directly determined ex vivo by an
IFN-vy-specific ELISPOT assay 19 days after immunization. The num-
ber of IFN-y SFC was counted after 24 h of stimulation. Results shown
are mean numbers of IFN-y-producing PBMC = standard errors of
the means from duplicate wells.
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FIG. 6. Histology of melanoma tumors in B16-LacZ-challenged mice. (A) B16-LacZ cells in culture after X-Gal staining (original magnifica-

tion, X50). (B) Tumor isolated from B16-LacZ-challenged mice previously vaccinated with AdBGal-transduced myoblasts (original magnification,
X360). The tissue section was stained with X-Gal and counterstained with neutral red. Black deposits correspond to melanin.
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sufficient for induction of an immune response (23). Third,
myoblasts could serve as a source of antigen that can be re-
captured by resident APCs and presented on MHCI mole-
cules. Such a mechanism of cross-priming has been suggested
by different authors (8, 14). The reason why in our study the
myoblasts were not a source for efficient cross-priming remains
uncertain. The mechanism of cell death of the transduced
myoblasts injected could be involved. Indeed, from in vitro
experiments, it is still not clear whether antigen from apoptotic
or necrotic dead cells can induce a CD8" T-cell response by
cross-priming (3, 46). With regard to the inefficiency of the
transduced EC inducing IFN-y-secreting CD8* T cells, the
same reasoning as for the myoblasts can be used with one
major restriction: EC have been defined as semiprofessional
APCs on the basis of in vitro T-cell activation studies, whereas
myoblasts have not (33). Taken together, our observations
suggest that in muscle, adenovirus-transduced myoblasts and
EC are very poor inducers of an antigen-specific CD8" T-cell
response either by direct stimulation or by cross-priming.
Our results are consistent with earlier studies that proposed
a role for DC in the induction of a CD8" T-cell response after
injection of a recombinant adenovirus in vivo (25, 45). Surpris-
ingly, though, in our study, there was a significant difference
between the CD8™ specific IFN-y response after direct injec-
tion of recombinant adenovirus and that after inoculation of
transduced DC in the muscle. If DC presenting the transgene
are the only cells able to stimulate naive T cells, several hy-
potheses can be proposed to explain this observation. First, the
possibility that injection of a high dose of free adenovirus in
the muscle may be more efficient than transduction of DC
directly in the lymph node cannot be excluded (45). Indeed,
presentation of an antigen by MHCI molecules in a lymphoid
organ even by non-APCs could directly and efficiently induce a
CTL response (30). Second, transduced DC injected into mus-
cle may not mature properly, migrate, or survive long enough
to strongly prime the CD8" T-cell response. Many studies have
now demonstrated the ability of modified DC to induce a
CD8™" T-cell response, and some have used human adenovirus
vectors in mice (28, 43, 48, 52). However, in all these studies,
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the modified DC were administered through an intravenous or
s.c. route. i.m. administration may be less potent, as muscle is
a dense and highly organized tissue in which the rate of mi-
gration of mature DC may be slowed compared to that in a
fluid or loose tissue such as the dermis. In agreement with
previous studies, we found that adenovirus infection induces
an upregulation of costimulatory and MHC molecules (20, 42,
44). Intriguingly, recombinant adenoviruses may block IL-12
secretion and CD83 expression, inhibiting the full maturation
of DC (20, 42). Therefore, most of the transduced DC inocu-
lated in this study might not be able to migrate properly to the
lymph node and stimulate the antigen-specific CD8™ T cells.
Also in agreement with this hypothesis, we and others observe
that following inoculation of H-2° DC in H-2""“ mice, the
T-cell response is restricted to H-2°*? (7; also this report).
Taken together, our data suggest that transduction of DC is
probably essential for induction of a CD8" T-cell response
after i.m. injection of recombinant adenovirus. However, fol-
lowing direct muscular injection of adenoviral vectors, it re-
mains to be determined which DC cells are transduced and in
which location the infection occurs, in the muscle itself or
directly in the draining lymph nodes.

Many studies, especially those focusing on gene therapy
strategies, have described the presence of antibodies against
the transgene product, but very few have focused on B-cell
induction for IgG subclass shifts following direct injection of
adenovirus or grafting of distinct types of adenovirus-trans-
duced cells (27). In this study, we observed that the graft of
either DC, myoblasts, or EC transduced with adenovirus in-
duced a strong humoral response against the transgene prod-
uct, with similar IgG titers. The transgene product, the B-Gal
protein, has a nuclear targeting signal and is a cell-associated
antigen. In order to stimulate the B-cell response, the antigen
newly synthesized after adenovirus transduction therefore
needs to be released into the extracellular environment. For
the three cell types, different hypotheses can be proposed to
explain antigen release following death of the transduced cells.
First, a small proportion of the transduced cells were already
dead prior to inoculation. This explanation may hold only for
transduced DC with an in vitro mortality of 3 to 5%. This
mortality can be associated with various factors including high
MO, adenovirus protein toxicity, and maturation of DC lead-
ing to cell death. Second, transduced cells of all cell types can
die when they traverse the needle during i.m. inoculation. This
hypothesis can be eliminated, as we never observed an increase
in trypan blue-stained cells immediately after a single passage
through the needle (data not shown). Third, the grafted trans-
duced cells may die in the muscle after inoculation. This hy-
pothesis is the privileged one for myoblasts and EC but can
also be suggested for DC. Rapid disappearance of transduced
myoblasts was also described by Ulmer et al. (50). Two major
mechanisms may induce cell death: a nonspecific defense as-
sociated with cytotoxic NK cells and a specific immunity asso-
ciated with CD8™" T lymphocytes. Low MHCI expression at the
cell surfaces of myoblasts and EC is compatible with sensitivity
to NK cytotoxicity. That is supported by our finding that very
few B-Gal-expressing cells were detected in the muscle by
cytochemistry 1 day after injection of myoblasts or EC (data
not shown). With regard to cell death of transduced cells by
anti-B-Gal-specific cell lysis, this is unlikely in the case of trans-
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duced myoblasts and EC, as we detected only a low CD8"
T-cell response. A role for the minor histocompatibility com-
plex is also unlikely, as the disappearance of the cells was rapid.

Importantly, we found that different types of adenovirus-
transduced cells induced different IgG isotype patterns. In the
case of transduced myoblasts, both IgG1 and IgG2a isotypes
were detected, with equal titers. For the two other cell types,
EC and DC, only IgG2a antibodies were detected. The IgG2a/
IgG1 skewing is therefore significant and in favor of a predom-
inant Th1 response. For DC, our results were unexpected, as
myeloid DC have been described to favor Th2 responses in
terms of antibody response in mice (41). Nevertheless, this
discrepancy may be explained by the recent concept that DC
function is not immutable but rather is regulated by the cells’
microenvironment (41). Moreover, the DC that were injected
in this study may have contained distinct cell subsets. As the
isotype profile is guided mostly by cell-secreted cytokines, we
postulate that adenovirus-transduced EC and DC induce the
same kind of cytokine profile, whereas myoblasts induce a
different one. It is known for mice that IL-12 and IFN-y pro-
mote a Th1 response. The mechanism by which transduced DC
and EC activate in vivo cytokine secretion has not yet been
analyzed in detail. Nevertheless, our data comparing the IgG
isotype patterns after direct adenovirus injection and graft of
transduced cells suggest that several cell types participate in
the generation of an antibody response.

The major focus of the present study was to obtain informa-
tion regarding the mechanism of activation of the immune
response against a transgene product in an adenoviral vector
leading to protection as well as rejection of cells expressing the
transgene. Importantly, we found that injection of transduced
DC and myoblasts, but not of EC, resulted in antitumor im-
munity against a B16 melanoma challenge, but with different
levels of efficiency. For DC the protection, measured by the
percentage of tumor-free mice and tumor volumes, was similar
to that obtained with free adenovirus, whereas for myoblasts
the protection was limited and only affected tumor volumes.
Our results with transduced DC are in agreement with those of
studies performed by other immunization routes and with
other antigens (28, 52). Regarding the effect of transduced
myoblasts, this slowdown was unexpected, considering the low
CD8* T-cell response obtained with these cells. A role for
antibodies in tumor growth control is unlikely, as the B-Gal
antigen is not expressed at the cell surface of the tumor. Thus,
CD4" cells might play a role, as already described for some
antitumor protection (11). Taken together, our data demon-
strate that transduced DC are largely superior to their EC and
myoblast counterparts in inducing a protective immune re-
sponse against a transgene harbored by an adenoviral vector.

These observations have implications for the development
of vaccination and gene therapy strategies. The fact that DC
are essential for the initiation of a CD8" T-cell response but
are poorly transducible by human adenovirus type 5 suggests
that new vaccine strategies should be investigated, such as
identifying different ways of enhancing adenovirus entry into
DC. A second possibility is that another inoculation route,
such as direct inoculation of the adenovirus into the lymph
node, may be more efficient. Thirdly, coinoculation of different
factors that could recruit DC at the injection site may help the
entry of the adenovirus into DC or modify their immune re-



2910

MERCIER ET AL.

sponse. Further studies should focus on the entry route of
recombinant adenoviruses in DC and the adenoviral compo-
nents implicated in DC activation.
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